Objectives: Delirium in the ICU is associated with poor outcomes but is under-detected. Here we evaluated performance of a novel, graded test for objectively detecting inattention in delirium, implemented on a custom-built computerized device (Edinburgh Delirium Test Box-ICU). Design: A pilot study was conducted, followed by a prospective case-control study.
D elirium occurs in up to 80% of ventilated patients in the ICU (1) . ICU delirium is associated with adverse outcomes including prolonged hospitalization and mortality (2) (3) (4) (5) (6) . Despite this, the majority of ICU delirium is undetected (2) . Diagnosis is critical to allow effective management of precipitants and of the distressing symptoms common in delirium (7-9).
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A Novel Computerized Test for Detecting and Monitoring Visual Attentional Deficits and Delirium in the ICU
Cameron Green, MSc 1, 2, 3 ; Kirsty Hendry, PhD 1, 2, 4 ; Elizabeth S. Wilson, MBChB 5 ; Timothy Walsh, MRes 6 ; Mike Allerhand, PhD 1, 7 Specific delirium assessment instruments have been developed for use in the ICU. The two most commonly used tools are the Confusion Assessment Method for the ICU (CAM-ICU) (1, 10) and the Intensive Care Delirium Screening Checklist (ICDSC) (11) . Some studies show high sensitivity and specificity of these instruments for the detection of delirium (1, 10, 11) ; however, others have reported that performance is partly dependent on tester expertise (12, 13) .
Inattention, a core feature of delirium (14) , can be objectively assessed with formal cognitive tests (15, 16) . There is a lack of objective and robust measures for the assessment of inattention in delirium that can be completed by patients of varying levels of arousal and which provide a graded measure of impairment.
We developed a novel, objective test for measuring inattention in delirium implemented on a custom-built device entitled the Edinburgh Delirium Test Box (EDTB). The EDTB successfully quantifies inattention in delirium in general ward settings and discriminates patients with delirium from patients without delirium (17, 18) .
The aims of the present study were 1) to adapt the validated EDTB computerized test of attention for use in intubated patients in the ICU and 2) to evaluate feasibility and performance of the EDTB as an instrument for detecting and monitoring inattention in ICU delirium.
METHODS

Study Design
Pilot Study Phase. A survey of 21 ICU nurses was first performed to identify effective communication methods for intubated (i.e., nonverbal) patients and to gain insight into delirium assessment in routine clinical work. Next, tests of attention were adapted from previous EDTB tests (17, 18) to accommodate nonverbal responses. Finally, a pilot study in 20 selected ICU patients (seven intubated and 13 nonintubated) was performed to assess feasibility of the different response methods and to determine suitability of the attention test. Data from the pilot study informed the final assessment procedure, called the EDTB-ICU.
Main Study Phase. The aim of the main study was to validate the EDTB-ICU in detecting and quantifying inattention in patients with delirium. This was an exploratory, single-rater, unblinded study of 30 selected ICU patients with and without delirium as determined by the CAM-ICU (n = 15 per group) who were assessed on up to 5 consecutive days during their ICU stay (unless patients met exclusion criteria or could not be assessed on a given day).
Ethics. The study was approved by the Scotland A Research Ethics Committee. Informed consent was obtained from participants or a legal proxy.
Participants
Patients admitted to the general ICU of the Royal Infirmary of Edinburgh were screened by two investigators for eligibility. Exclusion criteria were age under 18 years old, known preexisting cognitive impairment, brain injury, visual or hearing impairments severe enough to preclude cognitive testing, or photosensitive epilepsy. Patients with a Richmond Agitation and Sedation Scale (RASS) score (19) of less than or equal to -3 were excluded because they were considered too sedated or drowsy to be assessed using the EDTB-ICU (Fig. 1) . The sample size was guided by prior studies using the EDTB in general hospital patients with delirium, where large effect sizes were found (17, 18) .
Measurements and Procedures
Participants were assessed routinely (twice daily) for delirium with the CAM-ICU (10) and RASS by clinical staff. All clinical nursing staff had completed a training program on delirium that included assessment using the CAM-ICU. Acute Physiology Age and Chronic Health Evaluation II (APACHE II) score (20) was calculated.
Sustained visual attention was measured using the EDTB-ICU assessment that comprised 1) a behavioral assessment to assess level of arousal and basic ability to respond to a tester and 2) an attention task. The attention task was implemented on the EDTB Mark 2, a purpose-built, computerized neuropsychologic testing device designed for use at the patient's bedside ( Supplementary Fig. 1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/C642) (18) . All EDTB-ICU assessments were performed by trained researchers (C.G., K.H.), who were aware of patients' CAM-ICU status as part of the study protocol (to enable selection of patients with and without delirium). CAM-ICU assessments were performed during morning ward rounds, which occurred between 11 am and 2 pm or immediately prior to the EDTB-ICU. Sedation holidays were not performed for the purposes of CAM-ICU or EDTB-ICU assessments.
Development of the EDTB-ICU Test. In the pilot study phase, semi-structured interviews with 21 ICU nursing staff were conducted focusing on four main areas of interest: opinions on the CAM-ICU, communication methods for nonverbal patients, prevalence of ICU delirium, and delirium management. Through these interviews, several potential nonverbal response methods were selected for use in this pilot study: pointing, thumbs up indication, squeezing hand, nodding, and sticking tongue out.
Next, the feasibility of these modes of nonverbal responding as a way of indicating responses to EDTB tasks was assessed in intubated patients. Participants first underwent a behavioral assessment (21) to determine if participants could respond to their name with eye contact and then whether they were able to track the assessor's moving finger for 5 seconds. Participants' capacity to follow instructions was then assessed by instructing them to identify a given number on the response card held in front of them by the assessor, either verbally or nonverbally by one of the five response methods. Once a response method was identified that the patient was capable of doing, no further response methods were trialled. This served to establish a suitable method of response for the attention task (Fig. 2) . If any of these methods was unsuitable for the patient due to physical limitations then these were skipped.
If participants were unable to complete any element of this behavioral assessment, testing was discontinued and they were given a score relating to their performance on the behavioral assessment alone (Fig. 2) . Participants who were able to successfully complete the behavioral assessment (maximum score of 2) proceeded with an attention task on the EDTB.
The EDTB-ICU attention task involved counting the number of times that target lights illuminated over the course of each trial. Participants were informed that additional, distracting lights might appear, which should be ignored. The test comprised a practice trial and nine test trials, with target light illuminating between three and six times per trial. The nine trials had progressively increasing attentional demands (supplementary materials, Supplemental Digital Content 1, http://links.lww.com/CCM/C642).
At the end of each trial, participants were asked to indicate how many lights were shown, either verbally or by selecting an answer from four possible answers presented on the response card using nonverbal methods. Scores for the attention task were generated by assigning a score of 1 to each correct answer (excluding the practice trial), amounting to a summed total score ranging from 0 to 9. Scores on the behavioral assessment and attention task were summed, yielding a total EDTB-ICU score between 0 (severe attentional impairment) and 11 (no attentional impairment).
Based on the results of the pilot phase, the same EDTB-ICU protocol was used without much alteration in the main study (supplementary materials, Supplemental Digital Content 1, http://links. lww.com/CCM/C642).
Statistical Analysis
Comparisons of EDTB-ICU test scores and all other data were made between groups with and without delirium using Mann-Whitney U tests.
Receiver operating characteristic (ROC) analyses were conducted on EDTB-ICU scores from the main study for participants' first assessment and for data pooled across assessments.
Longitudinal changes in EDTB-ICU score were estimated using a linear mixed effects model (R package lme4 [22] ) to evaluate responsiveness of the EDTB-ICU scores to change in delirium status. Predictors were time as a linear variable (assessments 1-5) and CAM-ICU result (positive or negative). The dependent variable was total EDTB-ICU score. The predictors were time represented by the number (0-4) of the five assessment occasions and the CAM-ICU result. The CAM-ICU was centered on its average within each person so that its model coefficient would represent the average person's change in response to a change in diagnosis.
Statistical analyses were carried out using PASW Statistics 18.0 software (SPSS, Somers, NY) and R version 3.0.1 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria). Threshold for statistical significance was set at a twotailed p value of less than or equal to 0.05.
RESULTS
Pilot Study
Twenty participants with ages ranged from 18 to 79 years (median, 57.5 yr; interquartile range [IQR], 47-68) were recruited. Of these, five were delirious and 15 were nondelirious according to the CAM-ICU, and seven were intubated at the time of assessment. RASS scores ranged from -2 to 1.
Participants displayed a full range of scores on EDTB-ICU tasks (median, 6.5; IQR, 3-10; range, 0-11). EDTB-ICU tasks were well tolerated by participants, with only one participant failing to complete them. In this instance, the assessors discontinued testing because the participant became distressed.
Twelve participants (60%) were able to respond to tasks verbally, whereas eight (40%) responded nonverbally. All nonverbal participants were capable of responding to the EDTB-ICU task via pointing (n = 4), nodding (n = 3), and blinking (n = 1). Blinking was considered an ineffective means of communication because it was difficult to distinguish purposeful from reflexive blinking and was therefore excluded from the main study protocol.
There were no differences in total EDTB-ICU score between verbal (median, 8.5; IQR, 6.75-10; range, 0-11) and nonverbal participants (median, 7; IQR, 5-9; range, 3-11; U = 35.5; p = 0.60).
Main Study
Thirty patients were assessed during the main study phase. Fifteen patients were delirious according to CAM-ICU on at least one assessment, and 15 patients were never delirious during the study ( Table 1) . Two assessments were removed from analysis due to uncertain CAM-ICU status arising from conflicting nurse reports.
The EDTB-ICU paradigm took 3-7 minutes to administer. Verbal responses were used in 49% of assessments, whereas pointing was the most common nonverbal method of response (24%), followed by nodding (3%), and sticking out tongue (1%). Other responses (3%) included writing responses and holding up fingers to indicate a response. The remaining 20% of patients scored 0 or 1 on the EDTB assessment (Fig. 2) , indicating they were unable to track visual stimuli or follow simple commands.
EDTB-ICU Performance. On the first assessment, patients with delirium (n = 14) scored significantly lower on EDTB-ICU tasks (median, 0; IQR, 0-3; range, 0-4) than patients without delirium (n = 16; median, 9.5; IQR, 7-11; range, 3-11) (U = 3; p < 0.001) (Fig. 3) . This difference was also apparent at the second assessment (delirium: n = 8; median, 3.5; IQR, 0.5-5; range, 0-5 and no delirium: n = 15; median, 9; IQR, 6-10; range, 4-11; U = 3.5; p < 0.001) and third assessment (delirium: n = 5; median, 0; IQR, 0-2.5; range, 0-4 and no delirium: n = 10; median, 10.5; IQR, 8.75-11; range, 7-11; U = 0.0; p < 0.001) (Fig. 3) . The number of patients who were available for a fourth (delirium: n = 1; score, 5 and no delirium: n = 7; median, 9; IQR, 7-10) or fifth assessment (delirium: n = 1; score, 5 and no delirium: n = 1; score, 10) was too small to allow meaningful statistical comparisons.
ROC analyses were conducted to identify the optimal EDTB-ICU cut point for detection of delirium. Using data from the first assessment of each participant, the area under the ROC curve (AUC) was 0.99 (95% CI, 0.955-1.00). An EDTB-ICU score of less than or equal to 4 of a maximum score of 11 had 100% sensitivity and 93.7% specificity for detection of delirium, whereas a cutoff of less than or equal to 5 had 100% sensitivity and 82% specificity. Using pooled results from all assessments, the AUC was 0.98 (95% CI, 0.95-1.0). An EDTB-ICU score of less than or equal to 5 was found to have 100% sensitivity and 92% specificity for detection of delirium (Supplementary Fig. 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/C642).
The linear mixed-effects model suggested that a diagnosis of delirium was associated with a decrease in the patient's EDTB-ICU score of 6.44 at the time of diagnosis (β = -6.44; se = 2.89; p = 0.031). EDTB-ICU scores fluctuated over assessments in line with CAM-ICU status (Fig. 4) . Participants who were CAM-ICU positive during their study participation had a higher rate of ICU mortality (13.3%; n = 2) than CAM-ICU-negative participants (0%).
The lowest EDTB-ICU score for each participant (representing their most severe attentional impairment across assessments) predicted length of stay (p = 0.027; R 2 = 0.163; β = -0.64; 95% CI,-1.19 to -0.09). This relationship remained statistically significant (p = 0.037; β = -0.41; 95% CI, -1.19 to -0.04) after accounting for APACHE score (p = 0.661; β = 0.078; 95% CI, -0.282 to 0.438) and age (p = 0.213; β = 0.093; 95% CI, -0.57 to 0.244). Multicollinearity was not present between these variables (all variance inflation factor values < 1.3).
DISCUSSION
This study provides preliminary support that the EDTB-ICU, a computerized graded test of attention for use in the ICU, has promising utility as an objective tool for detecting and monitoring delirium. The EDTB-ICU was highly sensitive (100%) and specific (92%) to delirium. Patients' EDTB-ICU scores fluctuated over time in line with CAM-ICU delirium diagnosis.
These results are consistent with previous studies, which have shown that attention is a defining feature of delirium.
The EDTB-ICU assessment was suitable for use in verbal and nonverbal patients with varying levels of arousal. Further, the EDTB-ICU assessment was reasonably brief, lasting 3-7 minutes; however, the testing time involved would likely be reduced when administered by nursing staff familiar with the patient and able to quickly identify a suitable method of response. The EDTB-ICU, therefore, has promising utility as an objective tool for assessing delirium in ICU patients.
Patients with delirium ranged from being unable to track visual stimuli for only 5 seconds (despite being awake), to being able to follow simple commands and actively respond to EDTB-ICU tasks. These findings suggest that the EDTB-ICU is able to measure a continuum of attentional impairment. There is increasing acceptance of the conceptualization that delirium is a spectrum disorder incorporating subsyndromal presentations, which have also been linked to poor outcomes (23, 24) ; however, there is a paucity of objective measures of delirium severity in ICU. The scoring system of the EDTB-ICU permits graded measurement of attentional deficits in patients. Further studies are now needed to confirm performance of the EDTB-ICU in larger unselected samples using independent raters, including whether the severity of inattention as measured with this assessment method may predict poor outcomes. Severity grading may also be valuable in assessing response to treatments.
A case-control design using a relatively small sample was used. Further patient demographic information was not recorded. The diagnostic accuracy findings of the EDTB-ICU assessment only apply to patients with a RASS score of -2 or above, limiting generalizability. CAM-ICU was used as a reference standard for delirium diagnosis; although this instrument has good accuracy delirium detection in ICU patients (1, 10) , milder cases might have been missed. Future studies should include a more comprehensive reference standard evaluation. Further, we did not compare our findings to a validated measure of delirium severity. The ICDSC measures the frequency of delirium symptoms over a 12-hour period but does not quantify symptom severity at the time of the assessment. Despite this, it would be of value to assess the EDTB-ICU scores in relation to the ICDSC in future studies.
The EDTB-ICU, like other ICU delirium assessments, is limited by the fact that some of the testing procedure requires participants to respond and engage with cognitive tasks. Despite this, the EDTB-ICU has valuable and distinct features compared with existing tools. The EDTB-ICU allows participants to respond using any of a number of nonverbal methods tailored to the patient. It also provides an objective means of assessing a continuum of attentional impairment over time. In addition, the EDTB-ICU has a "step-wise" design incorporating a behavioral assessment to determine the patient's ability to participate and respond as part of the overall assessment. The integrated step-wise scoring allows for finer-grained quantitative measurements across this spectrum. The EDTB-ICU assessment does not assume preexisting knowledge on the part of the patient, and the option for nonverbal responses means that it could be easily translated into multiple languages.
The EDTB-ICU hardware is not widely available; however, we have developed software to administer EDTB tasks via smartphone (25) . After appropriate validation, the EDTB-ICU assessment may have applications for both clinical practice and research, where it could be adopted as an alternative to existing instruments or as an adjunct to them, particularly in cases where an objective measure of delirium severity is desirable. Importantly, adoption of specific delirium detection processes remains problematic in many ICUs (26) . The clinical utility of an objective, graded, and quantitative validated measure of attention indicative of delirium offered as provided by the EDTB-ICU may facilitate greater adoption of delirium detection and monitoring, particularly through its ability not just to detect delirium but to assist in the accurate monitoring of deterioration or resolution of delirium.
CONCLUSIONS
Effective diagnostic instruments are essential for the early and accurate diagnosis of delirium. The present study provides proof-of-principle regarding a novel method of assessing delirium in ICU patients, which is a serious and yet underresearched problem affecting large numbers of ICU patients. The EDTB-ICU provides an easy to learn, objective, rapid, sensitive, and specific method of detecting delirium in the ICU, which could have additional value and complements current methods in use. Future versions of the test (particularly in Figure 4 . Edinburgh Delirium Test Box-ICU (EDTB-ICU) scores across assessments for all 11 patients who were assessed when both Confusion Assessment Method for the ICU (CAM-ICU) positive (black circles) and CAM-ICU negative (white circles). A dashed horizontal line indicates the optimal EDTB-ICU cutoff score of less than or equal to 5 for the detection of delirium, as determined by receiver operating characteristic analysis.
shorter form) could be used as quantitative measures of inattention as an aid to diagnosis and also potentially as a means of tracking change and gauging severity, both in research studies and clinical practice. Future studies should assess the value of this novel method of delirium assessment in improving rates of detection and tracking change in larger unselected samples.
